We have analysed close to 30 000 human germline transmission events at five microsatellite loci (D3S1359, HumTH01, HumvWA, HumTPO and HumFES) and four minisatellite loci (D1S80, ApoB, Col2A1 and D17S30). At these loci the mutation rates are similar at the microsatellite and the minisatellite loci, varying from 0.2 ؋ 10 -3 to < 3.3 ؋ 10 -3 and from 0.5 ؋ 10 -3 to 1.5 ؋ 10 -3 , respectively. Interestingly, paternal mutations appeared to be dominant at the microsatellite loci, whilst maternal mutations are dominant at minisatellite loci. Based on our data, no unequivocal support for a strict strand-slippage mutation mechanism (gain or loss of a single repeat) was found, although the vast majority of the mutational events were small gains or losses of one to three repeats, and only few unequivocal large gains or losses were observed.
Introduction
The micro-and minisatellite DNA loci are powerful genetic markers because they occur with a high frequency in the genomes and are highly polymorphic. Especially the microsatellite loci are commonly used in human molecular genetic analyses because of the availability of dense genetic maps, and since the allelic variation in the number of short sequence repeats of the markers can be unequivocally and rapidly analysed with the aid of PCR-based methods. 1, 2 Despite the widespread use of the micro-and minisatellites as tools in genetic mapping, individual identification and evolutionary studies, 3, 4 the mutation mechanism and mutation rates, which are the reasons for their high degree of polymorphism, are still poorly understood. For the human microsatellite loci a step-wise replication slippage mutation model has been proposed 5, 6 and a limited number of reports on mutation rates varying from 10 -2 to 10 -4 have appeared. [7] [8] [9] Some of the microsatellite loci have been reported to have even higher mutation rates, and complex gene conversion has been suggested as a mechanism in the generation of allelic variants. 10 Mutation rates have been estimated either by indirect population genetic approaches 11, 12 or by experimentally observing mutations in transformed cell lines or in genomic DNA extracted from pedigree samples. 9, 13 An advantage of the direct analysis of DNA from blood samples of pedigree members is that all the observed mutations represent true in vivo germ line events and not somatic mutations that frequently occur in cultured cells. 7, 9 A model of the mutational mechanism at micro-or minisatellite loci would be essential for ultimate use of these markers in evolutionary and population genetic studies. Furthermore, knowledge of the actual mutation rates in vivo at particular micro-or minisatellite loci has practical value for the interpretation of the genotyping results in forensics and paternity testing.
In this report we present data on mutational events from altogether close to 30 000 parental allele transfers at five microsatellite and four minisatellite loci commonly used in population genetics studies, forensics and paternity testing.
Materials and Methods
The sample material comprised paternity testing samples analysed during 1991-1997 at the National Public Health Institute in Helsinki, Finland. DNA was extracted from 3 µl of EDTA blood by the Chelex®-resin method, 14 23 The remaining markers were amplified in individual reactions at amplification conditions slightly modified from those in the original publications. The amplified alleles were separated using high resolution polyacrylamide gel electrophoresis, visualised by silver staining and genotyped against locus-specific allelic ladders constructed from known alleles as described earlier.
24,25

Results and Discussion
The number of parent-child allele transfers analysed at the individual microsatellite and minisatellite loci varied between 301 and 6153. In a total of 29 640 allele transfers 18 mutations were identified as non-Mendelian inheritance of alleles differing in size (Table 1 ). All the observed mutations were reconfirmed by analysing new blood samples from the family members involved. In each family with a mutation at one of the loci, genotype data from several other loci were used to calculate the power of evidence. 26 Power of evidence for paternity ranging from 99.4% to over 99.999% verified that the analysed samples belonged to true biological families. These calculations were based solely on 'non-exclusion' loci.
As can be seen in Table 1 , the mutation rates varied from 0. ). Since mutations not appearing as Mendelian errors in the analysis based on a size difference between alleles remain undetected, the actual mutation rates may be slightly higher, eg by a factor of 1.18 as estimated by Weber and Wong. 9 In our study the average mutation rates were similar in size (0.5 ϫ 10 (Table 1) . Table 2 presents a more detailed characterisation of the observed mutations. Assuming that the smallest size change is the most probable one, more than half the mutations (10/18) involved a change of one repeat unit. This observation would support the strict step-wise replication slippage mutation model, 5, 6 according to which the majority of the mutational events at microsatellite loci involve gain or loss of one repeat unit. However, in five cases the smallest possible size 95% confidence intervals are given in parenthesis. For the markers where no mutations were observed, the mutation rate was approximated to <1/number of meioses. The 95% confidence intervals were calculated accordingly.
Mutation rates at human micro and minisatellites t alteration was a change of 2-3 repeat units, and moreover, in five of the cases with a change in one repeat unit, the second smallest mutation would have a change of 2-3 repeats. Thus, an alternative interpretation of the data is that more than half of all the mutations, and about 30% of the microsatellites, are due to gain or loss of 2-3 repeats, which is not in accordance with a strict step-wise replication slippage mutation model. In three cases (17%) the observed mutation unequivocally involved the deletion or insertion of more than five repeat units. As can be seen in Table 2 , we observed a similar number of gains and losses of repeat units. On this point our data agree with observations at a hypermutable locus by Talbot et al 8 and do not support the suggested mutation mechanism of directional evolution towards longer repeats. 27, 28 Our data do not support the loss of heterozygosity in genotypes with a large size difference between the alleles, 27 although our material contained four children with homozygous genotype, but in only three of these cases were the parents heterozygous. Interestingly, all the mutations, with one exception where the phase is uncertain, at the minisatellite loci can be explained as maternal ones and all the mutations at microsatellite loci can be explained as paternal ones. The latter observation is in agreement with a finding by Weber and Wong, 9 who report a significant preference for paternal germ line mutations at microsatellite loci. As seen in Table 2 , our results do not show a mutational bias in favour of longer alleles 28 nor loss of heterozygosity in genotypes with a large size difference between the alleles. 27 Knowledge on mutational mechanism and rates in vivo are essential when trying to address population genetic questions, such as population history, migration or admixture, where the utility of micro-and minisatellite loci has been hampered by the difficulties in subtracting the mutation process from the population demography and population history. Furthermore, the data presented here have practical consequences for paternity testing. First, in cases with exclusion of a paternity by a single micro-or minisatellite locus, the data from experimentally observed mutation rates facilitate the statistical assessment of the finding. Second, the data can be utilised in multiple exclusion cases, where the true biological father could also be closely related to the alleged father. However, we would like to stress that it is desirable to accomplish further studies with larger data sets in order to derive better estimates of the mutation rates. Larger data sets are also essential to elucidate further the use of the knowledge of mutational behaviour of microsatellite loci in paternity testing as well as evolutionary studies.
To conclude, by analysing thousands of human germ line transmission events, we found that the mutation rates are similar at microsatellite and at minisatellite loci studied here. Paternal mutations appear to be dominant at the microsatellite loci, whilst maternal mutations are more common at minisatellite loci. Based Based on the assumption that the smallest change of repeat units in the mutation is the most probable one. The other possible mutations are shown in parenthesis.
Mutation rates at human micro and minisatellites A Sajantila et al t on our data, no unequivocal support for a strict strandslippage mutation mechanism involving gain or loss of a single repeat was found, but the vast majority of the mutational events involved small gains or losses of 1-3 repeats, and only a few large unequivocal gains or losses were observed.
